The ribosome is increasingly becoming recognized as a key hub for integrating quality control processes associated with protein biosynthesis and cotranslational folding (CTF). The molecular mechanisms by which these processes take place, however, remain largely unknown, in particular in the case of intrinsically disordered proteins (IDPs). To address this question, we studied at a residue-specific level the structure and dynamics of ribosome-nascent chain complexes (RNCs) of α-synuclein (αSyn), an IDP associated with Parkinson's disease (PD). Using solution-state nuclear magnetic resonance (NMR) spectroscopy and coarse-grained molecular dynamics (MD) simulations, we find that, although the nascent chain (NC) has a highly disordered conformation, its N-terminal region shows resonance broadening consistent with interactions involving specific regions of the ribosome surface. We also investigated the effects of the ribosomeassociated molecular chaperone trigger factor (TF) on αSyn structure and dynamics using resonance broadening to define a footprint of the TF-RNC interactions. We have used these data to construct structural models that suggest specific ways by which emerging NCs can interact with the biosynthesis and quality control machinery.
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NMR spectroscopy | ribosome | nascent chain | α-synuclein | cotranslational folding W ithin living systems, protein biosynthesis takes place at the peptidyl transferase center (PTC) of the ribosome, where peptide bond formation occurs at a rate of ∼20 amino acids per s (1) to generate a nascent chain (NC) that subsequently emerges through the exit tunnel (2) , an ∼100-Å passage that can accommodate ca. 30 residues (3). On emerging from the tunnel, NCs can begin to explore their conformational landscapes, where about a third of cytosolic proteins in Escherichia coli are expected to acquire native-like structure cotranslationally (4, 5) . Cotranslational folding (CTF) may, therefore, be a key process to assist NCs in adopting their native folds by minimizing the exposure of hydrophobic regions and reducing the risk of misfolding and aggregation (6, 7) .
To ensure the production of correctly folded and functionally active proteins, further mechanisms have evolved to regulate folding pathways. Evidence indicates that the ribosome itself can modulate the folding process (8) by reducing the rate of tertiary contact formation and inhibit misfolding by stabilizing unfolded states (9) . Fluorescence depolarization measurements have also shown that the dynamics of emerging NCs can be constrained (10) , particularly those with a positive charge (11) , owing to interactions with the negatively charged ribosome surface, which are said to create a protective environment within the crowded cell (12) .
CTF processes within the cell can also be modulated by chaperones (13) . In E. coli, the first chaperone encountered by an emerging NC is trigger factor (TF), which binds transiently to the ribosome via a docking site on protein L23 (14, 15) , forming a cradle above the exit tunnel. It has been proposed that TF promotes CTF in several ways, including by shielding exposed hydrophobic stretches (16) , inhibiting premature folding (17) , and by unfolding preexisting structures and intermediate states (8) . TF binds to nontranslating ribosomes with a K d of ca. 1 μM (18), but this affinity can be significantly stronger in the presence of NCs [depending on their sequences (19) and lengths (20) ]. TF comprises three distinct structural regions: an N-terminal ribosome-binding domain, a peptidyl-prolyl isomerase domain (PPD), and a centrally located, C-terminal substrate-binding domain (SBD). An NMR study of the interactions of free TF with the isolated, unfolded protein PhoA (21) identified four binding sites within TF, of which three are located within the SBD and one in the PPD. The regions of PhoA that interacted most strongly with these sites were found to be rich in hydrophobic and aromatic residues, in accord with the known substrate preferences of TF (19) .
Although structural studies of CTF are still few, solution-state nuclear magnetic resonance (NMR) of translationally arrested NCs is emerging as a powerful means of reporting high-resolution details (22) (23) (24) (25) , despite the high molecular weight (2.5 MDa) of ribosome-nascent chain complexes (RNCs) (26) , with their low working concentrations (∼10 μM) and limited lifetimes. Furthermore, computational approaches based on molecular dynamics (MD) simulations have also been developed to investigate the nature and properties of CTF (27, 28) processes, although the large size of the ribosome and relatively slow rates of protein synthesis and folding still pose major challenges for all-atom Significance Protein biosynthesis is carried out by ribosomes, the macromolecular machines present in all kingdoms of life. Aided by molecular chaperones, nascent proteins can begin to fold while emerging from the ribosome. Achieving their native fold, and avoiding misfolding, is thereby crucial for the fate of all newly synthesized proteins. The molecular details of this fundamental process, however, are poorly understood. In this work we develop a combined NMR and molecular simulation approach to characterize the behavior during biosynthesis of α-synuclein (αSyn), an intrinsically disordered protein associated with Parkinson's disease. The detailed interactions of αSyn with the ribosome surface and with trigger factor, a ribosome-associated chaperone, reveal the first steps of how a nascent chain emerges from the ribosome.
calculations on appropriate time scales. To circumvent this problem, coarse-grained methods have been adopted to allow the inherent properties of a system to be preserved while using a reduced molecular representation to minimize the number of elements in the simulations (29) .
Here we show that combined NMR and MD studies of RNCs of α-synuclein (αSyn), a protein whose aggregation is associated with Parkinson's disease (PD), can provide insight into the conformations sampled by a disordered polypeptide chain during synthesis, complementing information emerging from studies of the CTF of globular proteins, as well as existing structural descriptions of αSyn that have been obtained for the protein in isolation (30) and within cells (31, 32) .
Results
αSyn Is Disordered on the Ribosome. αSyn RNCs, translationally arrested using the SecM motif (33), were generated in E. coli (Fig.  1A) , and the samples were purified based on our previous method (34) , with the removal of the N-terminal His(H 6 )-tag using tobacco etch virus (TEV) protease (Fig. S1 A and B) . N-heteronuclear stimulated echo (XSTE) diffusion measurements (38) (Fig. S1 G-I) to monitor the integrity of the RNC, which showed that the NC was attached and that the samples remained essentially completely stable for ∼72h.
The (Fig. S2B) in the presence of an equimolar concentration of 70S ( Fig. 1 C and D) . CS differences were uniformly small (Δδ NH < 0.05ppm, Fig. S3A ), indicating that the NC samples a range of disordered state conformations similar to isolated αSyn, which allowed the transfer of cross-peak assignments to that of the RNC (Fig. 1B) . Owing to line broadening and overlap in the RNC spectrum, 63 αSyn resonances, from M5-D135, were resolved sufficiently to enable their intensities to be analyzed. Critically, the observation of the D135 resonance ( Fig. 1 B and E) , located just 28 residues from the PTC, indicates that the NC possesses extensive mobility near the opening of the exit tunnel.
Resonance Broadening Indicates Interactions of αSyn with the Ribosome Surface. In contrast to the minimal CS perturbations observed in the NC, large reductions in the intensities of NC resonances were observed relative to those of isolated αSyn ( Fig. 1 D  and E) . This effect provides a sensitive probe of the changes in NC dynamics associated with the gain in mobility of the polypeptide chain as it emerges from the exit tunnel, and with the loss of mobility arising from interactions with the ribosome surface.
The intensities of cross-peaks in the RNC spectrum were reduced by >87% relative to isolated αSyn in the presence of ribosomes, with substantial variation across the sequence (Fig. 1E) . The C-terminal resonances were highly broadened, but from residue D135-K58 resonances were generally observed to become narrower (and hence more intense), indicating that the NC mobility is increased as residues become more distant from the exit tunnel. However, from K58 to the N terminus this trend is reversed as resonances are progressively broadened, resulting in decreased intensities. These results indicate an increasing propensity of this region to interact with the ribosome surface, which seems to be correlated with a high density of positively charged residues. In contrast, the negatively charged C-terminal region remains observable, despite its increased proximity to the ribosome surface. In addition to these long-range trends, two clusters of residues, M5-S9 and V37-V40, were broadened beyond detection, whereas intensities in a third region centered around T92/G93 were attenuated to a lesser extent. These clusters seem to be associated with the aromatic residues F4, Y39, and F94, rather than generally with hydrophobicity because the most hydrophobic region of the sequence, N65-T75, is also the region of greatest intensity.
For comparison, we also examined changes in the intensity of isolated αSyn in the presence of ribosomes. Reductions in intensity of up to 60-70% were observed for N-terminal residues (M5, L8, and S9), without any perturbations to the C-terminal region (Fig.  S2C ). This broadening of N-terminal resonances is comparable to that observed in the αSyn RNC, suggesting that similar interactions occur with the ribosomal surface in both cases, although the effect is substantially weaker in the absence of the covalent tethering in the RNC. Further analyses of charged isolated αSyn variants suggested that the polypeptide-70S interactions are at least in part due to electrostatic interactions (Fig. S4) .
To probe the dynamics of the NC in more detail, 1 H linewidths were measured in spectra of the RNC and isolated αSyn ( Fig. 2A and Fig. S3B ). RNC resonances were found to have significantly broader linewidths (and hence larger R 2 relaxation rates) than those in isolated αSyn, with an increase in R 2 from 37 ± 7 s -1 (mean ± SD) for the isolated protein to 109 ± 38 s -1 in the RNC (Fig. 2B) . To determine the significance of such values, we estimated the R 2 values that might be expected for a NC immobilized by tight binding to the ribosome surface. The RNC), taking the rotational correlation time of the ribosome to be 3.9 μs at 277 K (39), from which we estimate the amide proton relaxation rates of the bound state to be 16.1 ± 4.4 × 10 3 s -1 (Fig.  S3C ). Using this estimate, and making the assumption that NC resonances are in fast exchange between free and ribosome-associated states, as is typically the case for weak interactions, the observed relaxation rates will be a population-weighted average of the free and bound states (24) . Thus, using the observed linewidths of residues between V48 and A124 (Fig. 2B) , the estimated population of this NC segment bound to the ribosome surface is 0.45 ± 0.24% (Fig. S3D) . Although this number could be increased if the bound state were to be significantly mobile (Fig. 2C) , this analysis nevertheless indicates that these interactions are of a weak and transient nature. It is likely that interactions with the ribosome surface for other segments of the NC, whose resonances are more severely broadened and so cannot be observed (Fig. 1E) , could be considerably stronger. N-labeled sample of the αSyn RNC. Although ribosome-bound αSyn has been shown to be a weak substrate for TF (40, 41) , TF itself has a moderate affinity for nontranslating 70S ribosomes [K d ∼1 μM (18) ]. This combination of affinities was important in allowing saturation of the NC-TF interaction without the complication of strong NC binding causing substantial line broadening. We found that the addition of 1 mol eq of TF induced only small amide CS perturbations (Δδ NH < 0.06 ppm; Fig. 3A and Fig. S5A ), indicating that the NC samples a similar distribution of disordered conformations as it does in the absence of TF. We observed, however, large and nonuniform reductions in the intensities of the αSyn cross-peaks (Fig. 3B) , which enabled the nature of the TF-NC interaction to be analyzed. The intensities of residues K21-G111 in the RNC spectrum were reduced to 30 ± 8% of those observed in the absence of TF, whereas resonances of residues D119-D135 in the C-terminal region were less strongly perturbed, with relative intensities reduced only to 88 ± 12% (Fig. 3B) . No effects on the resonances of residues N-terminal to K21 could be determined, because these resonances are already broadened beyond detection in the absence of TF (Fig. 1E ). The addition of TF concentrations higher than 1 mol eq caused no further intensity changes in the RNC spectrum, indicating that, although the TF-NC interaction may be weak, the TF-70S interaction itself had reached saturation (Fig. 3C ).
Analysis of the 1 H, 13 C spectrum of TF showed that methyl resonances experienced large reductions in intensity in the presence of ribosomes (approximately sixfold relative to isolated TF; Fig. S5D ), but little additional broadening was observed in the presence of the αSyn NC (Fig. 3D) , which is consistent with previous observations using fluorescence techniques that showed no increased recruitment of TF to ribosomes carrying an αSyn NC (41) . For comparison, we examined changes in the spectrum of isolated αSyn in the presence of 1 mol eq of TF. At concentrations of 5 μM only small intensity changes (<5%) were observed, in residues located at the N terminus of αSyn. However, additional line broadening was evident at higher concentrations (100 μM), or in the presence of ribosomes (which promote the dissociation of the TF dimer) (Fig. S5C) . Thus, although αSyn is indeed a weak TF substrate there is nevertheless some propensity to interact, and this may be promoted by the ribosome and, particularly, by the colocalization of TF and the NC during translation.
Structural Modeling of the αSyn RNC. Coarse-grained simulations of the αSyn RNC were used to develop a model with which to explore the structure and dynamics of the NC and to investigate potential sources of the NMR resonance broadenings observed. Here, we used the CamTube force field (42) , in which the polypeptide chain is represented as a flexible tube as a means of describing its overall architecture. This approach increases the efficiency of sampling protein conformations relative to all-atom simulations, making it particularly effective for the study of large and flexible systems such as RNCs. Starting structures for the simulations were constructed from cryo-EM models of SecMstalled translating ribosomes, where the 17-residue arrest sequence has an extended conformation in the exit tunnel (43) , and structural ensembles for the NC were then generated from a 2.4-μs trajectory ( Fig. 4A and Movie S1). From this ensemble, we found that the first NC residue to be located in the exit vestibule was D135, 28 residues (78 Å) from the PTC. Critically, this point coincides with the experimental observation of NC resonances, and the subsequent increase in intensity from D135 toward the N terminus (Fig. 1E) . To estimate the rotational mobility of each residue within the NC, the structural ensemble was used to calculate S 2 order parameters, where a value of 1 describes rigid residues and a value of 0 describes fully flexible residues. We found that the observed increase in NMR intensities from D135-E104 (Fig. 1E ) was associated with a decrease by two orders of magnitude in the calculated amide S 2 values (Fig. 4C) , as well as a large increase in mobility as described by the Cα root mean square fluctuations (RMSF) (Fig. 4D) . However, both parameters also predict a continued gain in mobility for residues more distant from the PTC, whereas the NMR data showed reduced peak intensities for residues in the vicinity of T92/G93 and for the N-terminal region (M5-V40) (Fig. 1E) . We thus conclude that the observed perturbations in NMR peak intensity are the likely consequence of a combination of electrostatic effects induced by positively charged residues in the N terminus and interactions with aromatic residues (F4/Y39/F94).
The simulations were repeated in the presence of ribosomebound TF, using a starting structure based on an NMR model of TF in complex with the disordered state of PhoA (21) (Fig. 4B and Movie S2). We observed that the αSyn residues K21-G111, which experienced the strongest reduction in resonance intensities on TF binding (∼70%) (Fig. 3B) , were able to contact proposed substrate binding sites in TF previously identified in the absence of the ribosome (21) . Conversely, we found that the C-terminal residues D119-D135, which were only marginally broadened (∼12%) upon TF binding, were not able to contact sites within TF. Interestingly, reductions in Cα RMSF values and S 2 order parameters were observed in the presence of TF for residues between E126 and the N terminus (Fig. 4 C and D) . However, no TF-induced perturbations in NMR signal intensities were observed experimentally in the vicinity of E126 (Fig. 3B) , suggesting that TF interactions do not occur within this region. Thus, whereas our modeling suggests that a restriction in mobility could be experienced from residues from E126, the NMR data show that interactions of the NC and TF seem only to occur from residues G111, presumably when these can begin to reach and interact with the TF cradle (Fig. 4B) .
Using the simulated RNC structures we identified ribosomal proteins accessible to the NC and also mapped the changes in NC accessibility of the ribosome surface that occur upon TF binding. Fig. 4E illustrates the accessibility of the ribosome surface for the NC, which was calculated as the distance of closest approach between the backbone atoms of the NC and atoms of the 70S surface. Regions close to the exit tunnel, which are within 10 Å of the NC (in red), include the ribosomal proteins L17, L22, and L32, which are important binding sites for protein biogenesis factors (44) such as peptide deformylase and methionine aminopeptidase, as well as L23, L24, L29, L32, and rRNA. Upon binding of TF, the NC formed additional contacts with the chaperone at the expense of other regions of the ribosome surface, which became sterically occluded (Fig. 4F) . Fig. 4G indicates the changes of the NC surface accessibility in the presence and absence of TF (compare Fig. 4 E  and F) . Regions corresponding to the ribosomal proteins L3, L17, L19, L22, and L32 (blue) became inaccessible upon binding of TF but as a consequence other regions (in red), including L4 and L28 as well as parts of L9 and L24, were sampled more often by the NC (Fig. 4H) .
Discussion
We have used high-resolution solution NMR and coarse-grained MD to characterize the structure, dynamics, and interactions of αSyn NCs during biosynthesis on the ribosome. The limited solubility of RNC samples together with the observed NMR line broadening resulted in very weak signal intensities, equivalent to just 50-100 nM concentrations of isolated αSyn. Nevertheless, a combination of methodological advances, including longitudinal relaxation optimized experiments and nonuniform weighted sampling (35, 36) , have enabled quantitative measurements to be made of CSs and cross-peak intensities for the majority of NC residues. Most importantly, a combination of biochemical and noninvasive spectroscopic assays were applied to ensure that all NMR signals analyzed in this study arise from intact, ribosomebound NCs (Fig. 1F and Fig. S1 D and F-I) .
Previous RNC structural studies have focused almost exclusively on examining folding competent globular proteins such as FLN5 (22, 25) , SH3 (24) domains, and barnase (23) . In contrast to folded states, which correspond to deep minima in free energy landscapes, IDPs have relatively flat free energy landscapes (45) that are highly sensitive to external perturbations [e.g., from mutations (46), posttranslational modifications (47), or from the intracellular environment (48)]. The investigation of IDPs therefore allows a detailed exploration of the accessible conformational space for a polypeptide chain, without complications of folding.
NMR CSs are typically sensitive probes of protein structure, yet we found that αSyn amide CS perturbations resulting from ribosomal attachment, or from the presence of TF, were extremely small (Figs. S3A and S5 A and B) . By contrast, the intensities of cross-peaks in spectra of the RNC were highly variable relative to isolated αSyn (Fig. 1 D and E) . The tethered motion of the NC inevitably affects NMR linewidths, given the thousand-fold difference in the effective rotational correlation times of the ribosome and of isolated αSyn. Residues will therefore generally gain independent mobility as they become more distant from the PTC and emerge from the exit tunnel. In this study, the residue closest in sequence to the PTC to be NMR-detectable was D135, from which point resonance intensities increased to a maximum at K58 (Fig. 1E) . Our structural modeling indicated that the position of D135, 28 residues from the PTC, coincides with the emergence of the NC from the constricted tunnel into the exit port (Fig. 4A) . The detection of these resonances therefore demonstrates the potential to structurally dissect the behavior of NCs that are close to, and potentially even within, the exit vestibule.
Further from the PTC, from residues K58-M5, our simulations indicate that the mobility of each residue continues to increase (Fig. 4 C and D) . We observed, however, that the intensities of NC resonances in this region were significantly less than those of residues closer to the PTC. In particular, clusters of resonances in the N-terminal region, encompassing M5-S9 and V37-V40, were broadened beyond detection as well as resonances around T92/ G93, which showed a significant (∼97%) attenuation in NMR signal (Fig. 1E) , indicating the existence of interactions between the NC and the ribosome surface. Interestingly, the line broadening observed in the N-terminal region of the RNC was also observed for isolated αSyn in the presence of ribosomes (Fig. S2C) , suggesting a similar mode of interaction, although substantially weaker in the absence of a covalent link to the ribosome (Fig. S4F) . Such interactions have previously been observed for RNCs, by NMR for FLN5 (22, 25) and SH3 (24) , by fluorescence methods for the IDP PIR (11) , and by optical force spectroscopy for T4 lysozyme (9) . In the latter two cases, interactions were driven at least partially by the high negative charge density of the ribosome surface, and modulations of the electrostatic environment by ionic strength (9) or differently charged variants of the NC (11) were shown to perturb the binding interaction. In the present study, the large number of resolved NC resonances provided us with the ability to unravel sequence determinants of these interactions, from the identification of αSyn residues interacting with the ribosome surface. We conclude that the net positive charge of the N-terminal region (resulting from the αSyn KTKEGV repeat motif) induces electrostatic interactions with the ribosome surface, which in isolation are reduced in the reverse-charged K6-60E αSyn variant, in which positive charges are eliminated, or increased in the more positively charged H 6 -tagged αSyn (Fig. S4) . We also observed that interactions of the clusters around M5-S9, V37-V40, and T92-G93 are associated with the aromatic residues F4, Y39, and F94 (Fig. 1E) . As the interaction pattern does not appear to correlate with the known region of hydrophobicity within αSyn (Fig. 1E) , this would indicate that there may be a specific affinity of the ribosome surface for aromatic residues. Interestingly, similar patterns of NMR line broadening have been observed for αSyn within bacterial (32) and mammalian cells (49) , which suggests that there may be a common role for charged and aromatic residues in governing protein interactions both with the ribosome surface and with other components of the cellular milieu.
NMR intensity analysis provides a sensitive and high-resolution probe of ribosome surface interactions, but due to the interplay of 1 H and 15 N relaxation processes their quantitative interpretation in terms of NC dynamics is not currently possible. We therefore also measured 1 H linewidths for 31 NC residues from V48-A124, to provide a quantitative estimate of ribosome binding (Fig. 2 and Fig.  S3 B-D) . Relaxation rates for the bound state of the NC were evaluated using an ensemble model of the RNC in which the correlation time of the NC was set equal to that of the ribosome (Fig. S3C) , and on this basis we determined an average bound state population of 0.45 ± 0.25% for residues in this segment of the NC (Fig. S3D) . Although this interaction is rather weak, residues that were unobservable by NMR (M5-S9 and V37-V40) are likely to be interacting more strongly with the ribosome surface. Moreover, because the bound state may represent a set of interconverting states rather than a single rigid conformation, the collective effect of many weak interactions means that the total population of the NC in association with the surface at any given instant may be substantially greater than 0.45% (Fig. 2C) .
Finally, we have reported residue-specific details of the interaction of the ribosome-associated chaperone TF with a NC. Intensity reductions of ∼70% were observed for residues K21-G111 of the αSyn RNC in the presence of TF. Although this region spans the net positively charged N-terminal region (K21-E61), the hydrophobic NAC region (Q62-V95), and part of the negatively charged C-terminal region (K96-G111), the observed broadening was found to be approximately uniform and hence independent of the previously identified preferences of TF for basic and hydrophobic substrates (19, 21) . Instead, our structural modeling indicates that the observed broadening can be better correlated with those residues able to reach the TF cradle and its associated binding sites (21) (Fig. 4B) . These NMR data indicate that 52 residues are necessary from the PTC to initiate an interaction with TF, with G111 being the first residue to be significantly perturbed in intensity. Cross-linking studies (50) as well as theoretical calculations based on the crystal structure of ribosome-bound TF (15) have found similar minimum lengths to be necessary for NC-TF contact formation (47 and 43 residues, respectively). The results described here add residue-specific detail to these previous findings, confirming that NC lengths of about 50 residues are required to initiate interactions with TF.
In summary, this study begins to describe the structural and dynamic characteristics of disordered NCs during biosynthesis by examining the behavior of αSyn, an IDP associated with PD and related neurodegenerative conditions. Because αSyn is free from competition with CTF processes encountered by globular proteins, this study provides an insight into the earliest events experienced by emerging NCs, before the onset of CTF. The results show that the disordered structural ensemble of αSyn is not strongly perturbed when tethered to the ribosome, although with the sensitivity of the NMR measurements it was possible to identify and characterize very weak interactions of the NC with ribosomal proteins near the exit tunnel. Such interactions, mediated by charge and aromatic residues, are also likely to be determining factors that affect CTF of globular proteins, particularly because the ribosome is associated with having a direct chaperoning capacity (8, 9) . Furthermore, although αSyn is a weak TF substrate, we could show that TF interacts with the N-terminal ∼110 αSyn residues, including the positively charged N-terminal region, the hydrophobic NAC region, as well as, unexpectedly, residues of the negatively charged C-terminal region. This study shows that even weak substrates, including residues not known to bind TF, are affected by the presence of the chaperone, indicating that an interplay exists between the surface of the ribosome and that of the TF cradle upon the immediate exit of a NC from the ribosome. These observations have implications for understanding the CTF process, because the folding of a NC may not only be assisted by interactions with the ribosome surface, but also by the extent of TF involvement, resulting in a complex folding landscape. Such interactions could thus have a protective role for emerging NCs, particularly those likely to possess substantial regions of disorder, by preventing cotranslational misfolding induced by nonnative intra-or intermolecular interactions during biosynthesis (51) .
Materials and Methods
Detailed materials and methods are given in SI Materials and Methods.
Preparation of αSyn RNCs. The αSyn gene was cloned into a pLDC-17 vector (34) and site-directed mutagenesis was used to introduce a TEV protease cleavage sequence between the N-terminal H 6 -tag and αSyn. Uniformly 15 N-labeled RNCs were expressed in E. coli and purified as described previously (34) . TEV protease was used to cleave the H 6 -tag from the RNCs following nickel affinity chromatography.
Preparation of TF. Isotopically labeled TF, including selective protonation of Ile, Leu, and Val methyl side chains, was produced in E. coli according to standard procedures.
Detection of RNCs. RNC samples collected during purification or NMR acquisition were run on Bis-Tris polyacrylamide gels (pH 5.8) before Western blot. Polyclonal rat anti-αSyn (epitope residue 15-123) (BD Laboratories) and polyclonal rabbit anti-SecM (epitope SecM motif) antibodies were used to detect the NC.
NMR Spectroscopy. NMR data were acquired at 4°C on a 700-MHz Bruker Avance III spectrometer with TXI cryoprobe. The 1 H-15 N SOFAST-HMQC (35) spectra were recorded using nonuniform weighted sampling (36) . 15 N-XSTE   and   1 H stimulated echo (STE) diffusion experiments were acquired using a diffusion delay of 100 ms and bipolar trapezoidal gradient pulses (total length, 4 ms; shape factor, 0.9) with strengths of 0.028 and 0.532 Tm −1 .
Coarse-Grained MD Simulations of the αSyn RNC. An atomic model of a stalled NC on the ribosome was derived from cryoEM data (43) by molecular-dynamics flexible fitting (52) . To produce an αSyn RNC starting model, the original NC sequence in the model was replaced and extended to the sequence of the αSyn RNC using Swiss-PDB Viewer. TF bound to the ribosome was modeled based on the cryoEM data of the ribosome-TF complex (50) and the structure of TF (14, 15) . Simulations of the αSyn RNC were performed in Gromacs (53) using a version of the tube model (42) , known as the CamTube force field using a 2.4-μs trajectory. The NC mobility for each residue was calculated as the RMSF from the average position of the CA atoms within the trajectory and amide S 2 generalized order parameters were calculated from an ensemble of 8,000 all-atom structures.
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